The DNA of red cowpox virus strain Brighton or its white pock variant was analysed by cleavage with restriction endonucleases HindIII, XhoI, PstI or KpnI. Physical maps were constructed and the genomes compared with that of vaccinia virus strain DIE. The size of the red cowpox genome is 23 to 29 megadaltons greater than that of vaccinia and results from the presence of additional, near terminal sequences. An internal region of about 75 megadaltons appears to be highly conserved between the two viruses. The red cowpox genome contains near terminal, repetitive sequences which have some homology with those of vaccinia virus DNA. Rapid renaturation of red cowpox terminal restriction fragments indicates that these are covalently cross-linked.
INTRODUCTION
Cowpox viruses normally produce haemorrhagic, ulcerated pocks on the chorioallantois of fertile hens' eggs. About I ~ of the lesions produced by a pock-purified cowpox strain are, however, white (Downie & Haddock, I952; van Tongeren, I952 ) and do not revert to the parental phenotype on subsequent passage. Such white variants generally faiI to induce the synthesis of a cowpox early antigen or to elicit the formation of antibody specific to this (Rondle & Dumbell, I962; Baxby & Rondle, I968) suggesting that cowpox white variants are deletion mutants. In contrast, with rabbitpox white pock variants (Gemmell & Cairns, I959; Gemmell & Fenner, 196o) no recombination between cowpox white variants has been obtained (F. Fenner & R. M. Greenland, personal communication) suggesting a similar or overlapping deletion in all isolates.
The analysis of vaccinia virus DNA by cleavage with restriction endonucleases has been attempted despite the size and complexity of the genome (Gangemi & Sharp, 1976; Jaureguiberry, 1977; McCarron et al. 1978; Wittek et al. 1978 a) . Miiller et al. (1978) examined the relatedness of a number of Orthopoxvirus genomes by size comparison of fragments produced by various specific endonucleases and, most significantly, Wittek et al. (5977) mapped the cleavage sites for endonucleases HindIII and Sst t in the genomes of rabbitpox virus and the Lister (Elstree) strain of vaccinia virus.
The present report describes the analysis of the cowpox genome using restriction endonucleases HindIII, Xhol, PstI and Kpm and the characterization of the white pock variants as deletion mutants.
oo22-1317/79/oooo-3645 $02.oo (C) I979 SGM 5 2 L.C. ARCHARD AND M. MACKETT
METHODS
Virus growth and purification. The Brighton strain of cowpox (Downie, I939; Fenner & Burnet, I957) was pock purified, titrated and propagated by growth on the chorioallantois of 12-day, fertile hens' eggs. White pock variants were picked as single pocks from chorioallantoic membranes bearing 50 to Ioo total lesions and pock-purified by two further passages at high dilution before propagation for stock virus. Pock-purified viruses propagated in batches of 5o to ioo confluently infected egg membranes were extracted and purified essentially as described by Joklik (2962) except that membranes were disrupted in 5 mM-citrate-phosphate buffer (Mcllvain's) pH 7"4, by shaking with glass beads and virus banded rate zonally in sucrose gradients was taken directly for lysis.
DNA Extraction. DNA was prepared essentially as described by Wittek et al. (1977) based on method 2.2 of Sarov & Becker 0967). Briefly, purified virus suspended in 5o mM-tris-HCI pH 7-8, I mM-EDTA and 27 ~/o sucrose was lysed for 3 h at 37 °C following the addition of I ~ SDS and 500/zg/ml proteinase K (final concentrations). Solutions were deproteinized in the presence of neutralized o.2 M-trichloroacetic acid by repeated extraction with buffer saturated phenol and finally with chloroform-isoamyl alcohol (24: I). After extensive dialysis against IO mM-tris-HC1, pH 7"8, I mM-EDTA and finally against I mM-tris-HCl, pH 7"8, o.I mM-EDTA, solutions were examined spectrophotometricaUy, concentrated to approx. 20o #g/ml DNA by extraction with z-butanol followed by chloroform and stored at 4 °C over chloroform. Alternatively, deproteinized DNA was recovered by precipitation at --zo °C wth 2. 5 vol. of ethanol and redissolved in Io mM-tris-HCl, pH 7"5, I mM-EDTA.
Restriction of DNA and separation of fragments. DNA was cleaved with restriction endonuclease SstI, HindlII, XhoI, PstI or KpnI. HindlIl, XhoI and KpnI were obtained from New England Biolabs, Beverly, Mass., U.S.A. ; SstI and PstI were generous gifts from R. Wittek and P. Little, respectively. Restriction conditions (I/zg DNA in 25/zl final volume or pro rata) were as follows: SstI, zo mM-tris-HC1, pH 7"4, IO mM-MgCI~, 200 mM-NaCI, IO mM-z-mercaptoethanol, Ioo/zg/ml BSA ; HindlII, 7 mM-tris-HC1, pH 7"4, 7 mM-MgCI~, 6o mM-NaC1; XhoI, 7 mM-tris-HCl, pH 7'4, 7 mM-MgC12, I5O mM-NaCI, io mM-2-mercaptoethanol; PstI, 7 mM-tris-HCl, pH 7"4, 7 mM-MgC12, 6o mM-NaC1, io mM-2-mercaptoethanol; KpnI, 7 mM-tris-HC1, pH 7"4, 7 mM-MgCI2, 6 mM-NaC1, Io mM-2-mercaptoethanol.
Digests were incubated at 37 °C and stopped by addition of 2 vol. of agarose suspension (Schaffner et al. I976 ) . Restriction fragments were separated by electrophoresis in o.6~ agarose slab gels (running buffer: 2o mM-sodium acetate, 2"5 mM-EDTA, 4o mM-tris-HC1, pH 7"5) at 2. 5 V/cm for 16 h and visualized by u.v. illumination after staining with ethidium bromide (o'5/~g/ml; electrophoresis buffer).
Isolation of DNA restriction fragments. Restriction fragments were isolated as follows (S. Clarkson & R. Wittek, personal communication): DNA bands were excised from gels and the agarose disrupted by expression through a z2 gauge syringe needle into 5 to Io ml vol. of 50 mM-tris-HCl, pH 8-o, I5O mM-NaC1, IO mM-EDTA in polypropylene centrifuge tubes. DNA was eluted by rolling the tubes at 45 °C for 2 to 3 days and the agarose pelleted by centrifugation at 2ooooog for 3o rain. DNA from the supernatants was bound to DEAEcellulose columns (bed vol. o'3 ml) equilibrated previously with the above buffer and eluted with I ml 5o mM-tris-HCl, pH 8.o, 2 M-NaC1, I mM-EDTA. After dilution of the eluates to reduce salt concentration to below I.o M, DNA was precipitated with 2"5 vol. of ethanol at --zo °C overnight, pelleted at 2ooooo g for 3o min and redissolved in Io to zo /zl IO mM-tris-HCl, pH 7"5, t mM-EDTA.
Immobilization of DNA for hybridization. DNA restriction fragments were transferred from agarose gels and immobilized on nitrocellulose membrane filters essentially as described by Southern 0975)-Briefly, DNA was denatured by soaking gels for 3 to 6 h in o'5 M-NaOH containing 1"5 M-NaCI, neutralized in i M-tris-HCl, pH 7"5, 3-O'M-NaCI and transferred overnight with 20 × SSC to Millipore mixed ester or Sartorius cellulose nitrate membrane filters. Filters were washed briefly in 2 × SSC and denatured ])NA immobilized by baking at 8o °C for z h under vacuum.
In vitro labelling of DNA and DNA-DNA hybridization. Intact DNA or restriction fragments recovered from agarose gels were labelled by nick translation essentially as described by Rigby et al. (1977) . Reaction mixtures (5o to IOO #1) contained up to ~ #g DNA, 2. 5 #M-deoxyribonucleoside triphosphates including 2 to lo#Ci c~32P-dCTP or a3~P-dTTP (sp. act. approx. 350 Ci/mmol ; The Radiochemical Centre, Amersham), 50 mM-tris-HC1, pH 7"4, 5 mM-MgCle, t mM-2-mercaptoethanol, 50 #g/ml BSA and 2 to 4 units DNA polymerase t [Boehringer Corp. (London), Lewes, Sussex]; some reactions also contained IO -l°g/ml DNase I. After incubation at I4 °C for 2 h, reactions were stopped by addition of proteinase K and SDS (2oo#g/ml and o'5~ final concentration, respectively; Io min, 37 °C), deproteinized by phenol extraction and the DNA isolated by exclusion chromatography on Sephadex G5o followed by ethanol precipitation.
Non-restricted DNA or restriction fragments isolated from agarose gets, nick translated as described, were denatured in o.2 M-NaOH at Ioo °C for 5 min, neutralized with HCI in the presence of IOO mM-tris-HC1, pH 7"4 and hybridized to nitrocellulose membrane filter strips bearing transferred, restricted virus DNA in sealed, plastic bags. Pre-treatment of strips, conditions of hybridization and subsequent stringent washing were similar to those described by Jeffreys & Flavell (I977) . In some experiments,, restriction endonuclease digests of virion DNA were stopped by heating to 65 °C for IO min and the total digest nick translated as described. In this case, ~zP-labelled restriction fragments were separated by agarose gel electrophoresis, DNA bands excised from the gels, denatured in To mM-tris-HC1 pH 7"4, I mM-EDTA at ~o5 °C for ~o min and hybridized to nitrocellulose membrane filter strips as above. Strips were autoradiographed for 2 to I4 days at --70 °C using presensitized Fuji Rx X-ray film and Hanimex Mach 2 intensifying screens.
Identification of cross-l&ked restriction fragments. The termini of the vaccinia virus genome are cross-linked covalently (Geshelin & Berns, I974) and renature rapidly on release from denaturing conditions (De Filippes, I976) . This property has been exploited to identify the terminal restriction fragments of vaccinia or rabbitpox virus DNA (Wittek et al. I977) . The terminal restriction fragments of other Orthopoxvirus genomes behave similarly (M. Mackett & L. C. Archard, in preparation) and, in the present study, covalently crosslinked restriction fragments of cowpox virus DNA were identified as follows. Endonuclease digests were made 50 mM with respect to EDTA, deproteinized by phenol extraction and denatured in 4 vol. of 95~ deionized formamide, 50 mM-tris-HCl, pH 7"5 at 6o °C for to min. After cooling on ice, samples of the denatured digests were run in parallel with normal digests on agarose slab gels and rapidly renaturing restriction fragments of denatured digests identified by enhanced staining with ethidium bromide.
RESULTS

Comparison of the restriction products of DNA from red cowpox or its white pock variant
DNA from Brighton red cowpox (Brcp) or its white pock variant (Bwcp) was cleaved with restriction endonuclease HindIII, XhoI, PstI or KpnI and the sizes of the resulting fragments compared also with the HindIII restriction products of DNA from the DIE strain of vaccinia virus (Fig. I) . Mol. wt. of restriction fragments were estimated by comparison of electrophoretic mobilities with those of adenovirus type 2 or phage ,~ DNA restriction fragments of known tool. wt. (Table I; (2) Three white pock variants isolated independently from the same cloned red cowpox stock showed identical restriction patterns with all endonucleases tested. Total tool. wt. o f the poxvirus genomes were estimated by summation of the mol. wt. of restriction fragments and indicate that the Brcp genome is 2 3 × i0 n to 2 9 × IO n daltons larger than that of vaccinia D I E Table I .
Mol. wt. of Brcp or Bwcp DNA restriction fragments estimated by comparison of electrophoretic mobilities with those of phage
or adenovirus type 2 DNA restriction fragments of known mol. wt. 
Construction and analysis of physical maps
As part of a wider study of Orthopoxvirus genome structure (M. Mackett & L. C. Archard, in preparation) we have mapped the HindIII and SstI sites in vaccinia strain DIE by cross hybridization with restriction fragments from vaccinia strain Lister as mapped by Wittek et al. 0977) . In the present report, Brcp/HindIII restriction fragments were tested for sequence homology by hybridization with a2P-labelled DIE/HindIII fragments, some of which co-migrate with Brcp/HindIII fragments in electrophoresis (Fig. I) . The specific hybridizations are summarized in Table 2 and the specificity of hybridization under these conditions is illustrated by the autoradiograph shown in Fig. 4 . The physical order of many Brcp/HindlII fragments was confirmed by hybridization with overlapping DIE/Sst I probes to link adjacent Brcp fragments (Table 3) . The results of similar hybridization experiments between Brcp/HindIII and Brcp/Xhoi or Brcp/PstI fragments are summarized 
* The extent of hybridization, judged by intensity of autoradiographic development, is scored from I to 3. (Fig. I ) yet appear by hybridization to map contiguously, a2P-labelled, 
total Bwcp DNA hybridizes to all Brcp/HindIII fragments except L and to all Brcp/XhoI fragments except L and O (data not shown). Consideration of the hybridization data and confirmation of terminal restriction fragments (Fig. 3 ) permits the construction of physical maps of the cleavage sites in Brcp DNA for the endonucleases HindlII (Fig. 2b) , XhoI (Fig. 2c) , PstI (Fig. 2d) and KpnI (Fig 2e) . Generally, hybridizations to restriction fragments of tool. wt. less than about Io 6 were not tested but in the case of Brcp/HindlII Q, a tentative map location has been assigned on the basis of co-migration. 
Confirmation of terminal fragments
Cross-linked, terminal restriction fragments of cowpox DNA were confirmed by their ability to renature rapidly following denaturation. Comparison of the electrophoretic mobilities of rapidly renaturing fragments with non-denatured digests indicates that the terminal fragments of Brcp are HindlII D and H, XhoI D and E, the Pstl two molar fragment K and KpnI A and H (Fig. 3) -The terminal fragments of vaccinia DIE were confirmed as HindlII B and C (Fig. 2a) . Wittek et al. (I977) described cross hybridization between the opposing terminal restriction fragments of rabbitpox virus DNA and showed subsequently, by partial restriction mapping of end-labelled terminal fragments, that the genomes of rabbitpox and vaccinia viruses contain inverted terminal repeats and share a common subset of such sequences (Wittek et al. I978b) . In the present study, we find that individual terminal (Fig. 4) White pock deletion mutants of red cowpox case with that fragment o f a normal digest mapping at the non-deleted terminus (Fig. 3) KpnI G) and shows no evidence of rapid renaturation (Fig. 3) . These data suggest that the deleted terminus of Bwcp is not cross-linked.
Occurrence of terminal repetitive sequences in cowpox virus DNA
DISCUSSION
Comparison of the physical maps of ItindIII cleavage sites in vaccinia DIE or Brcp DNA suggests that an internal region of mol. wt. about 75 × ~oe is highly conserved between these genomes. This is similar to observations of Wittek et al. (r977) of the distribution of HindIII and Sst I sites in the genomes of vaccinia strain Lister (Elstree) or rabbitpox virus and is the basis of estimates of the relatedness of several Orthopoxvirus genomes including cowpox (Miiller et al. I978; Schiimperli et al. I978 ). The present study shows that the increased size of the cowpox genome relative to that of vaccinia is due to the presence of additional, near-terminal sequences mapping to either side of the central, conserved region. Variation in estimates of the size of the cowpox genome derived by summation of the molecular weights of fragments produced by cleavage with different endonucleases results mainly from the difficulty of determining mol. wt. of large fragments but does not exceed 5 ~.
Opposing terminal restriction fragments of Brcp DNA cross hybridize strongly demonstrating the presence of terminal repetitions which share at least a subset of common sequences with the terminal repetitions of vaccinia virus DNA characterized by Wittek et al. (I978b) . Terminal restriction fragments of Brcp DNA renature rapidly on release from denaturing conditions indicating the presence of near-terminal, covalent cross-links in this genome also. The allocation of terminal fragments to physical maps of Brcp DNA does not depend on ability to renature rapidly but is derived partly from hybridization data. The presence of common, terminal repetitive sequences, near-terminal cross-links and a central conserved region are general features of Orthopoxvirus genome structure (M. Mackett & L. C. Archard, in preparation).
The physical maps demonstrate that the cowpox white pock variant arises by deletion of sequences from one terminus only of the red cowpox genome. The size of the deletion in Bwcp DNA revealed by analysis with various endonucleases is I6 × Io e to I8 × IO 6 daltons and averages I I'4~ o of the Brcp genome. Identical restriction patterns for the DNA of three, independent white pock isolates with all endonucleases tested indicate that sequences from this region alone are deleted with high frequency and explain the inability to obtain recombination between isolates. The only phenotypic characters correlated at present with the deletion are the loss of the early antigen demonstrable normally as precipitin line D in gel diffusion tests of cowpox soluble antigens versus hyperimmune antiserum (Rondle & Dumbell, I962; Baxby & Rondle, I968) and the failure to suppress leucocyte infiltration of the chorioallantoic membrane lesion. It is expected that a DNA sequence of this size codes for other functions not yet recognized.
Hybridization of Brcp DNA terminal restriction fragments to the non-deleted terminus only of Bwcp DNA indicates that the deletion in Bwcp includes the repetitive sequence from that terminus of Brcp DNA which therefore is not required for DNA replication. The observation of a single, rapidly renaturing fragment from Bwcp DNA restrictions which co-migrates with the non-deleted terminal fragment of those digests for which physical maps are available suggests strongly that the deleted terminus of Bwcp DNA is not covalently cross-linked and we conclude that the presence of such a cross-link is not required for infectivity.
The mechanism by which cowpox virus DNA molecules deleted at this locus arise continually remains unresolved.
